Metastatic breast cancer is an extremely complex disease with limited treatment options due to the lack of information about the major characteristics of metastatic disease. There is an urgent need, therefore, to understand the changes in cellular complexity and dynamics that occur during metastatic progression. In the current study, we analyzed the cellular and molecular differences between primary tumors and paired lung metastases using a syngeneic p53-null mammary tumor model of basal-like breast cancer. Distinct subpopulations driven by the Wnt-and/or STAT3 signaling pathways were detected in vivo using a lentiviral Wnt-and STAT3 signaling reporter system. A significant increase in the overlapping populations driven by both the Wnt-and STAT3 signaling pathways was observed in the lung metastases as compared to the primary tumors. Furthermore, the overlapping populations showed a higher metastatic potential relative to the other populations and pharmacological inhibition of both signaling pathways was shown to markedly reduce the metastatic lesions in established lung metastases. An analysis of the unique molecular features of the lung metastases revealed a significant association with immune response signatures. Specifically, Foxp3 gene expression was markedly increased and elevated levels of Foxp3 + Treg cells were detected in close proximity to lung metastases. Collectively, these studies illustrate the importance of analyzing intratumoral heterogeneity, changes in population dynamics, and the immune microenvironment during metastatic progression.
Introduction
Metastasis accounts for the majority of cancer-related mortality and remains a major clinical obstacle for successful cancer management. In particular, triple-negative breast cancer (TNBC) metastasis tends to occur within the first 3 to 5 years after diagnosis, and TNBC patients have a shorter duration of overall survival and distant recurrencefree survival [1, 2] . Treatment decisions for patients with metastasis primarily rely on the biological characteristics of their primary tumors due to an incomplete understanding of factors driving metastatic disease. A better understanding of the molecular and cellular characteristics distinguishing primary tumors and metastases is crucial for developing the most appropriate therapeutic interventions to prevent and treat distant relapse.
Comparative genomic studies have shown that mutation patterns between primary tumors and metastases are similar with no consistent metastasis-specific mutations present other than pre-existing genetic alterations in primary tumors [3] [4] [5] [6] [7] [8] . This close genetic relationship between primary tumors and metastases suggests that they are clonally related, and that metastases may arise from a subset of populations within primary tumors without having additional mutations. Growing evidence supports the existence of a unique population with metastasis-initiating ability, often referred to as metastasis-initiating cells (MICs), that might exist within the primary tumors or evolve throughout the metastatic progression [9] . Like tumor-initiating cells (TICs), MICs possess stem cell-like properties and additionally exhibit cellular plasticity, which may contribute to tremendous clonal heterogeneity at sites of metastasis [10, 11] . In addition to stemness properties, MICs also have a unique capability to interact with distant organ microenvironments, critical for successful metastatic colonization [12] . The cellular origin of putative MICs and their clonal diversity are poorly understood.
Both normal and cancer stem cell-associated pathways appear to be critical nodes to support stemness and cellular plasticity during tumor progression and metastasis [13] [14] [15] . Wnt signaling is one of the fundamental pathways that function in both normal and cancer stem cells in multiple systems [16] [17] [18] [19] . Hyperactivation of Wnt signaling and pathway components is frequently observed in basal-like TNBC [20] [21] [22] [23] . Wnt-driven stemness has also been shown to be associated with increased metastatic capability and colonization in colorectal and breast cancer [15, 24] . Additionally, the signal transducer and activator of transcription 3 (STAT3) also represents a key modulator in cancer stem cell function in multiple cancers including TNBC [25] [26] [27] [28] [29] . Several studies have shown that STAT3 signaling can influence the epithelial to mesenchymal transition (EMT) program and enhance metastatic ability, through a STAT3-dependent transcriptional network [30] [31] [32] [33] [34] . Additionally, STAT3 signaling is also implicated in the tumor microenvironment through association with stromal and immune cell components to favorably influence tumor progression and metastasis [25, 35, 36] . Taken together, numerous studies suggest that both the Wnt-and STAT3 pathways play a critical role in tumor onset and metastasis, implying their therapeutic targeting could help to block tumor progression and metastasis.
Despite the important contribution of the Wnt-and STAT3 signaling in tumor progression and metastasis, it remains unclear whether these pathways function in the same cells or different cells within a given tumor, and how the coordination of these pathways is achieved at the molecular and cellular level during tumor progression. Although much less is known about potential collaborative interactions, recent studies have shown a functional crosstalk between the canonical (or non-canonical) Wntand STAT3 signaling pathways in tumor initiation and metastasis [37] [38] [39] . In this respect, we investigated the population dynamics derived from the Wnt-and STAT3 signaling pathways in primary tumors and metastases using a lentiviral-based signaling reporter system in conjunction with the basal-like p53-null syngeneic mouse models of TNBC. Herein, we identify distinct subpopulations derived from the Wnt-and/or STAT3 signaling pathways in the basal-like p53-null mammary tumors, and differences in their cellular distribution between primary tumors and their corresponding metastases. Notably, the clonal diversity derived from the Wnt-and/or STAT3 signaling pathways changes during metastatic progression with an increasing overlap observed in populations driven by both signaling pathways in metastatic lesions relative to paired primary tumors. Furthermore, the Wnt-and STAT3 signaling pathways significantly contribute to the progression and maintenance of the lung metastases. In addition, the molecular signature in the lung metastases is highly correlated with immune response signatures, and Foxp3 + Treg cells are significantly enriched in the lung metastatic lesions.
Results
Distinct subpopulations derived from the Wnt-and/ or STAT3 signaling pathways exist in the primary tumors of the basal-like p53-null mammary tumor models Given the key role of Wnt-and STAT3 signaling pathways in tumor progression and their potential functional crosstalk, we first examined the clonal diversity derived from the Wnt-and/or STAT3 signaling pathways. To this end, we employed a lentiviral fluorescent signaling reporter system in conjunction with a syngeneic, transplantable p53-null mammary tumor model, which allowed us to identify functional signaling pathway-driven populations in both in vivo and ex vivo settings. We performed a cotransduction experiment using lentiviral Wnt-and STAT3 signaling reporters, Wnt-mCherry and STAT3-GFP ( Fig. 1a ). The Wnt reporter has been widely used and validated in multiple systems including p53-null basal-like mammary tumor models [23, 40, 41] . The STAT3 reporter has been successfully validated and its activity has shown to be positively correlated with the p-STAT3 status in human breast cancer cell lines of xenograft models [29] . This signaling reporter system allowed us to identify Wnt-and/or STAT3-active cells by monitoring pathway-dependent transcriptional activities based on expression of the fluorescent reporter proteins, mCherry or eGFP. Briefly, we transplanted the entire co-infected populations into the cleared mammary fat pads of syngeneic recipient mice and analyzed the resulting tumors using flow cytometry. Two basal-like p53-null mammary TNBC models, T1 and T2, were used.
As transduction controls, we utilized lentiviral constructs with constitutive EF1α-driven GFP and -dTomato expression, EFS-GFP and EFS-dTomato, to determine levels of co-infection. Based on co-infection level of these constitutive reporters, we expected there should be a similar coinfection of the lentiviral Wnt-and STAT3 signaling reporters since the same multiplicity of infection (MOI) of these lentiviral vectors was used. Flow cytometric analysis of tumor cells harboring the lentiviral constitutive reporters revealed that the majority of tumor cells (78 to 95%) were double-positive for GFP and dTomato, confirming the high co-infection rate in both T1 and T2 ( Fig. 1b ). Interestingly, flow cytometric analysis of tumor cells carrying the lentiviral Wnt-and STAT3 signaling reporters showed a heterogeneous distribution of tumor cells with varying degrees of pathway activities, indicating that heterogeneous populations with respect to Wnt-and STAT3 signaling exist in both T1 and T2 tumors ( Fig. 1b ). Importantly, these analyses clearly demonstrated that there are distinct subpopulations derived from Wnt-and/or STAT3 signaling pathways, including single-positive (Wnt-active or STAT3active) cells as well as double-positive (STAT3/Wnt-active) cells ( Fig. 1b) . Moreover, co-immunofluorescence analysis for Wnt (red)-and STAT3 (green) signaling pathways also confirmed the existence of the distinct subpopulations derived from Wnt-and/or STAT3 signaling pathways (Fig.  1c ). These findings suggest that clonal heterogeneity marked by the Wnt-and/or STAT3 signaling pathways exists in the primary tumors of the basal-like p53-null mammary tumors.
Activation of both Wnt and STAT3 signaling pathways contributes to the lung metastases
The clonal diversity driven by the Wnt-and/or STAT3 signaling pathways observed in the primary tumor setting prompted our investigation of the involvement of the signaling dynamics and potential heterogeneity during metastatic progression. To evaluate the metastatic lesions in vivo we utilized both primary tumor resection and tail vein injection approaches to model metastasis from the orthotopic site as well as "experimental" metastasis, respectively. While the resection model best recapitulates the clinical scenario, allowing for a multistep metastatic cascade over time, the tail vein approach was used in concert to enable population-and pathway-specific observations with respect to metastatic colonization. Lung metastases in the T2 model were more frequently observed relative to T1 following resection, thus we primarily utilized T2 for subsequent metastasis studies. Visible lung macrometastases were observed in 8/29 mice after 2 months following resection of primary tumors, suggesting a low metastatic frequency ( Fig. 2a ), considerably less than other highly aggressive GEM models like MMTV-PyMT [42] . Interestingly, ex vivo imaging analysis revealed that in the majority of metastatic tumor-bearing mice, 5/8 mice exhibited lung metastases with both Wnt-and The Wnt and STAT3 signaling pathways contribute to lung metastases. a Metastasis frequency and pathway activity enriched for the lung metastases after resection of the primary tumors. For the resection experiments, we transplanted the entire tumor cell population co-infected with the lentiviral Wnt-and STAT3 signaling reporters, removed the primary tumors when they reached approximately 0.7-0.8 cm in diameter, and examined the metastatic dissemination to the lung, a common site for TNBC metastasis. Data shown are the number of mice harboring the lung metastases of each pathway activity from two independent experiments (n = 29). The signaling pathway activities were identified by stereomicroscopy. b Representative ex vivo fluorescence image depicting the Wnt (red) and STAT3 (green) signaling activities in the lung metastasis (magnification, ×0.71). Both signaling pathways are activated in the lung metastasis. c Representative ex vivo images of lung metastases driven by the distinct FACS-sorted subpopulations via the tail vein injections. 5 × 10 4 cells were injected into the lateral tail vein and the lung metastases were assessed 2 months after the injections by stereomicroscopy (magnification, ×0.71). STAT3/Wnt (n = 6), STAT3 (n = 4), Wnt (n = 5), and Negative (n = 5) were analyzed. d Metastatic frequency was determined by the number of metastatic nodules based on the stereomicroscopic images. Data shown are the metastatic frequency derived from the FACS-sorted populations from one experiment STAT3 signaling activity ( Fig. 2a, b ). In addition to surgical resection, we performed experimental tail vein injections to assess lung metastases derived from the distinct FACSsorted subpopulations. We observed that the intrinsic signaling pathways presented in the primary tumors were maintained during the metastasis (Fig. 2c ). While Wnt-and STAT3-only cells maintained their designated pathway activity in the lung, lung metastases derived from Wnt-only cells additionally displayed STAT3 signaling activity after colonization, presumably a result of the lung microenvironment ( Fig. 2c) . Moreover, the populations activated by both Wnt-and STAT3 signaling pathways exhibited a higher metastatic frequency relative to the other populations ( Fig. 2d ), suggesting that Wnt-and STAT3 signaling pathways significantly contribute to the metastatic progression in the lungs.
Overlapping populations derived from both Wntand STAT3 signaling pathways are significantly enriched in the lung metastases relative to the primary tumors
To identify cellular characteristics of the metastatic tumors, we compared various histologic features between primary tumors and matched metastases. Histological analysis revealed that lung metastases exhibited a more disorganized cellular structure and irregular expression of keratins of the basal and luminal lineage, marked by Keratin-14 (K14, red) and −8 (K8, green), respectively, as compared to the primary tumors ( Fig. 3a ), suggesting a considerable change in cellular organization in the metastatic nodules. Coimmunofluorescence staining for Wnt (red)-and STAT3 (green) signaling pathways confirmed the populations with various levels of Wnt-and/or STAT3 signaling activities in the metastases (Fig. 3a ). Intriguingly, overlapping populations driven by both Wnt-and STAT3 signaling pathways were substantially enriched in lung metastases relative to primary tumors ( Fig. 3a ). This also was confirmed by the quantitative analysis of confocal fluorescence images based on the expression of RFP (Wnt) and GFP (STAT3) ( Fig. 3b and Supplementary Fig. 1a -c). Although cells coexpressing both reporters appeared to constitute minor populations within the primary tumors, they became the dominant populations in the metastases, indicating the dramatic change in Wnt and STAT3 signaling pathways in the metastatic setting.
When comparing the fluorescence intensity of RFPand GFP between the primary and metastatic tumors, we observed a considerable increase in STAT3 signaling activity in the lung metastases relative to the primary tumors, but no significant change in Wnt signaling activity ( Fig. 3c and Supplementary Fig. 2a, b ). Moreover, STAT3 signaling activity was preferentially elevated at the leading edge of the metastatic nodule and interface with the surrounding lung tissue as compared to the center ( Fig. 3d ), suggesting an important spatial role of STAT3 signaling in the lung metastases, possibly through the functional and physical interaction with cellular components in the lung. Collectively, our findings demonstrate that the cellular composition derived from Wnt-and/or STAT3 pathways are altered during metastatic progression, with an increased proportion of the overlapping populations present in the lung metastases, implying there may be a selective advantage of coexpression of both signaling pathways.
Inhibition of Wnt-and STAT3 signaling pathways decreased the metastatic outgrowth in alreadyestablished lung metastases
Since the overlapping populations driven by both Wnt-and STAT3 pathways are enriched in the lung metastases with increased activity of both signaling pathways, we examined if inhibition of Wnt-and STAT3 pathways was able to inhibit metastatic progression, especially in alreadyestablished lung metastases. To address this question, we performed tail vein injections of the double-positive Wnt/ STAT3 overlapping populations (50,000 cells) into the mice and allowed them to develop the lung metastases for 1 month (Fig. 4a ). The mice then were randomized (n = 9 per group) and treated with vehicle or C188-9 (50 mg/kg)/ LGK974 (6 mg/kg) for 2 weeks (Fig. 4a ). C188-9 is a potent small-molecule that targets the Src-homology (SH) 2 domain of STAT3 and inhibited tumor growth of several cancer models, including breast cancer [43] [44] [45] .
LGK974 is a specific PORCN inhibitor that targets Porcupine, a Wntspecific acyltransferase, inhibits Wnt pathway in vitro and in vivo, and induces tumor regression in a Wnt-driven murine tumor model [46, 47] . The mice treated with the C188-9 and LGK974 showed decreased expression of both GFP and RFP expression in the lung metastases, indicating an efficient reduction of the activity of both Wnt-and STAT3 pathways in vivo (Fig. 4b, c ). Additionally, the combinatorial treatment was well-tolerated without significant body weight loss during the course of the treatment ( Supplementary Fig. 3 ). Notably, the C188-9/LGK974treated group showed a significant reduction in the number of metastatic lesions as compared to the vehicle-treated group (Fig. 4d, e ), suggesting that the inhibition of the Wntand STAT3 pathways can reduce the metastatic burden in already-established lung metastases. These findings further suggest that the activation of Wnt-and STAT3 pathways is critical for the progression and maintenance of the lung metastases, implying that blocking Wnt-and STAT3 pathways could be a potential therapeutic option for metastatic breast cancer.
Immune response-related signatures are highly correlated with the molecular signatures in the metastatic tumors
The differences between primary tumors and matched metastases identified by reporter-based approaches led us to further investigate global gene expression programs that could more comprehensively distinguish primary and matched metastases. RNA sequencing analysis from resected primary tumors (n = 3) and matched metastases (n = 3) identified 818 transcripts differentially expressed (p < 0.01, t-test, fold change > 1.4), the majority of which were upregulated in the lung metastases as compared to the primary tumors ( Fig. 5a , left). Principal component analysis (PCA) revealed that the variation in gene expression patterns between the paired primary (gray circle) and metastatic tumors (red circle) are distinct ( Fig. 5c ). Gene ontology (GO) enrichment analysis of upregulated genes demonstrated that genes categorized in immune response and immune cell activation were significantly enriched in the lung metastases ( Fig. 5b , upper plot), suggesting a strong association of immune response signatures within the lung metastases and possible enrichment of cellular components of immune system. Moreover, a supervised analysis derived from the significant modules [48, 49] after removing normal lung signatures also identified the immune Fig. 3 The cellular composition derived from the Wnt-and/or STAT3 signaling pathways is significantly changed during the metastatic progression. a Histological comparison between the primary and lung metastases. Representative images of Hematoxylin and Eosin (H&E) and co-immunofluorescence staining for the K8 (luminal, green) and K14 (basal, red) illustrating the changes in the cellular organization during the metastasis. Lung metastases displayed an increased proportion of the overlapping populations derived from both the Wnt-(red) and STAT3 (green) signaling reporters as compared to the primary tumors. Scale 100 μm (H&E) and 50 μm (immunostaining). b Representative quantitative analysis of the heterogeneous populations in the primary and lung metastases based on the RFP-and GFP intensity using the confocal images. Primary tumors (n = 5, 36 images) and lung metastases (n = 5, 49 images) were analyzed. Oneway ANOVA test. The numbers indicate the percentage of doublepositive cells based on a threshold of 25 for RFP and 40 for GFP. Blinded analysis was performed during quantification. c
Representative quantitative comparison analysis of the GFP (STAT3)and RFP (Wnt) intensity between the primary and metastatic tumors based on the confocal images. Box plots showing the distribution of the GFP-and RFP intensity. In the box plots, the red horizontal lines indicate the median value, and the notches define the 95% confidence interval of the median. Primary tumors (n = 5, 36 images) and lung metastases (n = 5, 49 images) were analyzed. One-way ANOVA test. Blinded analysis was performed during quantification. The STAT3 signaling pathway is highly enriched in the lung metastases relative to the primary tumors (mean value in primary = 51.6, mean value in lung mets = 67.2), while the Wnt signaling pathway is not significantly changed (mean value in primary = 38, mean value in lung mets = 44.8). d Representative co-immunofluorescence staining image for the Wnt (red) and STAT3 (green) signaling pathways revealed that the STAT3 signaling activity is mainly elevated at the leading edge of metastatic tumors. Scale 50 μm a b c d e Fig. 4 The inhibition of STAT3-and Wnt pathways significantly reduces the metastatic burden in already-established lung metastases. a Schematic treatment strategy. FACS-sorted overlapping populations (50,000 cells) were injected via tail veins. DP (Double-Positive for Wnt and STAT3) cells indicate the overlapping populations. The mice were randomized (n = 9 per group) and treated with vehicles and C188-9/LGK974 for 2 weeks (5 days on and 2 days off). The vehicles (60% Labrasol/40% PEG400, 0.5% Methylcellulose/0.5% Tween 80) and C188-9 (50 mg/kg)/LGK974(6 mg/kg) were given orally. b
Representative ex vivo fluorescence image depicting the Wnt (red) and STAT3 (green) signaling activities in the lung metastasis (magnification, ×0.71) after C188-9/LGK974 treatment. Metastatic lesions are indicated by red arrows. c Quantitative comparison of the GFP (STAT3)-and RFP (Wnt) intensity between the vehicle-and C188-9/
LGK974-treated groups based on the confocal images. The fluorescent intensity of the GFP and RFP is substantially reduced by the treatment of C188-9/LGK974. Vehicle group (n = 7, 36 images) and C188-9/
LGK974 group (n = 4, 24 images) were analyzed. One-way ANOVA test (p = 5e-191 for GFP and p = 0 for RFP). d Metastatic frequency after treatment of C188-9/LGK974. The number of metastatic nodules was determined by the stereoscopic images and H&E staining. The C188-9/LGK-treated group (n = 9) exhibits a lower metastatic frequency relative to the vehicle-treated group (n = 9). Data shown are the metastasis frequency from one independent experiment. e Quantitative analysis of the number of the metastatic nodules in the lung metastases of the vehicle-and C188-9/LGK974-treated groups. Data are shown as the mean ± s.e.m. (n = 9 per group). Unpaired t-test (p = 0.04) modules enriched for in the lung metastases, including modules related to the B cell, T cell, NK cell, and macrophage functions ( Fig. 5e and Supplementary Table 1 ). For instance, Foxp3, Ctla4, Ido1, Cd274, Pdcd1, Tgfb1, Ccr4, Ccr5, Ccr6, Ccl22, Ccl17, Ccl5, Cxcl12, CD45, Cd8a, Cd4 genes were upregulated in the metastatic tumors compared with the primary tumors ( Fig. 5f and Supplementary Fig. 4) , indicating a potential enrichment of immune cells in the lung metastases. Consistent with the previous finding that spontaneous lung metastases of PDX models exhibited a more differentiated and less proliferative phenotype [50] , the supervised analysis identified upregulated luminal progenitor signatures and downregulated proliferation-related signatures in the lung metastases, supporting the idea that a more differentiated basal-like phenotype in the lung metastases is being selected (Fig. 5e ). Furthermore, supervised analysis showed that the STAT3-or Wnt-dependent signatures from human basal-like breast cancers were strongly correlated with the gene signatures enriched for in the metastatic tumors relative to the primary tumors ( Fig.  5g ), suggesting that the STAT3-and Wnt pathways may play an important role in metastatic progression of human breast cancer, possibly through physical and functional interactions with immune compartments. Gene expression patterns were also derived from the experimental lung metastases originating from the distinct FACS-sorted subpopulations, namely double-negative, Wnt-active, STAT3-active, and STAT3/Wnt-active cells via tail vein injection. RNA sequencing analysis from the tail vein injection (n = 4, lung metastases derived from the distinct FACS-sorted subpopulations) revealed that 408 transcripts were differentially regulated across distinct subpopulations-driven metastases as compared to the primary tumors (Fig. 5a, right) . Gene ontology (GO) enrichment analysis of upregulated genes revealed the enrichment of genes involved in immune response as well as cell death in the distinct subpopulation-driven metastases (Fig. 5b , lower plot). Moreover, PCA demonstrated that variations in gene expression were less well correlated among the distinct subpopulation-driven metastases (green dots) ( Fig. 5c ). Intriguingly, the Wnt-active and STAT3/Wnt-active celldriven metastases (blue circle) were closely clustered with the matched metastases from the resection model by PCA (Fig. 5c ). Notably, gene functional annotation enrichment analysis of these metastases compared to the primary tumors revealed the enrichment of similar immune response signatures that were found in the matched metastasis ( Fig.  5d ), suggesting that the metastases driven by the Wnt-active and STAT3/Wnt-active cells possess the similar gene expression patterns with the matched metastases from the resection model. Collectively, these findings imply that the overlapping populations derived from the Wnt-and STAT3 signaling pathways enriched within the lung metastases may play a critical role in immune response in the lungs.
Increased infiltration of Foxp3 + Treg cells is mainly associated with lung metastases
Given the enrichment of immune response signatures in the metastatic site, we next examined the existence of the immune cells in the lung metastases. Consistent with the gene signatures enriched for in the lung metastases, immunohistochemistry analysis revealed that CD45 + immune cells were significantly enriched in the lung metastatic lesions (Fig. 6a ). A number of immune cells, including Foxp3 + Treg cells, CD8 + T cells, and F4/80 + cells (macrophages) were preferentially enriched in the lung metastases relative to the primary tumors ( Fig. 6b and Supplementary Fig. 5a ). The finding of the enrichment of macrophages in the lung metastases also support the previous findings that M2-like macrophages are enriched in various metastatic sites and plays an important role for metastatic progression in human breast cancer [51] [52] [53] . However, S100A8 + cells (neutrophils) were detected at similar levels in both the primary and metastatic lesions ( Supplementary Fig. 5a ). These results were corroborated by quantitative comparison analysis of IHC images (Fig.  6c ). Particularly, IHC analysis revealed that Foxp3 + Treg cells were mainly enriched in the lung metastases, but not in the primary tumors ( Fig. 6b and Supplementary Fig. 5a ), and were not detectable in the normal mammary glands and lung tissues ( Supplementary Fig. 5b ). Moreover, retransplantation of the lung metastases enriched for both Wnt-and STAT3 pathways into the mammary fat pads gave rise to tumors with both Wnt-and STAT3 activities as well as increased Treg cells ( Supplementary Fig. 6a, b) , suggesting a strong positive correlation between the overlapping populations and Treg recruitment regardless of their location. Furthermore, inhibition of Wnt-and STAT3 pathways significantly reduced the number of Foxp3 + Treg cells and macrophages (F4/80 + cells), demonstrating the metastasis-specific recruitment of Treg cells and macrophages, possibly due to the presence of the Wnt/STAT3double-positive overlapping populations ( Fig. 4a and Supplementary Fig. 7) . Additionally, co-immunofluorescence staining for the Foxp3 and metastatic tumors driven by both the Wnt-and STAT3 signaling pathways revealed the cellular distribution of the Foxp3 + Treg cells in the lung metastases, and demonstrated that Foxp3 + Treg cells are located in intra-and peritumoural sites of the lung metastases (Fig. 6d) . These findings suggest that Foxp3 + Treg cells may play an important role in metastatic progression through functional and physical interactions with the metastatic tumor cells or other immune cells in the lungs.
Discussion
Intratumoral heterogeneity within a primary tumor is significantly associated with tumor progression and poor clinical outcomes. In particular, the heterogeneous nature of the primary tumor tends to be reflected in the behavior of its corresponding metastasis, which presents a considerable challenge in a clinical setting. However, it is largely unknown how clonal dynamics in the primary tumors influence the development of an invasive phenotype and disease progression throughout the metastatic cascade. In this study, we demonstrated clonal organization and dynamics driven by Wnt-and/or STAT3 signaling pathways in primary tumors and metastases of the basal-like p53-null mouse mammary tumor models. We successfully identified distinct subpopulations driven by Wnt-and/or STAT3 signaling pathways within the primary tumors; negative, Wnt-active, STAT3-active, and STAT3/Wntactive cells (Fig. 1b, c) . Tumor cells co-infected with two signaling reporters exhibited various levels of Wnt-and/or STAT3 signaling activities, suggesting the existence of heterogeneous populations. It is possible that the random integration of lentiviral signaling reporters into tumor cells could potentially affect the differential Wnt and STAT3 signaling activities based on the degree of integration rather than amplitude of actual signaling activity. Nonetheless, we note that the majority of tumor cells were co-infected by the Wnt-and STAT3 signaling reporters based on the parallel co-transduction experiments with constitutive reporters (Fig. 1b) .
Metastases can be derived from the rare or minor subpopulations within the primary tumors [8, 54, 55] . However, the clonal population dynamics driving metastasis are not fully understood. In our study, we demonstrated the clonal dynamics during the metastases using a resection approach, which enabled us to evaluate the metastases derived from the divergent clones in the primary sites. The quantitative analysis of immunofluorescence images clearly showed that the cellular composition of the distinct subpopulations derived from the Wnt-and/or STAT3 signaling pathways is changed within the metastasis, as evidenced by increased overlapping Wnt/STAT3-active populations (Fig.  3a, b and Supplementary Fig. 1 ). In addition, activation of STAT3 signaling is further increased in metastases, preferentially at the lesion edge/lung interface (Fig. 3d ). These findings were further supported by Supervised Gene Expression Analysis, which showed that the STAT3-or Wnt-dependent signatures from human basal-like breast cancers were strongly correlated with the gene signatures enriched for in the metastatic tumors relative to the primary tumors ( Fig. 5g) . Moreover, the overlapping populations exhibited a higher metastatic potential in the lungs as compared to the other populations ( Fig. 2c, d) , supporting the possibility that metastatic colonization can occur by expansion of the metastatic-competent cells, possibly Wnt/ STAT3-active cells, residing within the primary tumors. Alternatively, differences in the lung microenvironment may stimulate and select for a more metastatic-competent state of disseminated tumor cells. To distinguish these possibilities, it will be necessary to use a lineage tracing approach in addition to specific pathway reporters to determine the cell of origin of the metastases.
Although overlapping populations driven by both Wntand STAT3 signaling pathways emerge as a dominant population in lung metastases, little is known about the crosstalk between these signaling pathways in cells. In brain and ovarian cancer, it has been reported that STAT3 signaling is interconnected to Wnt/β-catenin signaling through a Gsk3β/Arid1b and miR-92a/DKK1 regulatory axis for tumor initiation and maintenance, respectively [37, 39] . A recent study also demonstrated that Frizzled 2 (Fzd2)-mediated non-canonical Wnt signaling pathway can promote EMT and cellular migration through Fyn and STAT3 signaling [38] . As our lentiviral Wnt reporter system marks tumor cells in which the canonical Wnt signaling pathway is activated through Tcf/Lef-mediated transcriptional activation, it is possible that STAT3 signaling could collaborate with canonical Wnt signaling in the basal-like p53-null mammary tumors. However, we cannot rule out that the STAT3 signaling is involved in both canonical-and non-canonical Wnt signaling pathways. Previous studies support the idea that Wnt and STAT3 pathways might be coordinately regulated in the same cells by the Akt signaling pathway [16, [56] [57] [58] . Notably, Akt signaling was shown to play an essential role for survival of metastatic tumors in the lung [59] [60] [61] . Therefore, our findings of enriched overlapping populations in metastatic lesions and their significant contribution to metastatic progression ( Fig. 2d and Fig. 4d, e ), as well as the potential functional linkage between Wnt and STAT3 signaling, strongly suggests the possibility that the Wnt-and STAT3 signaling might collaborate to promote metastasis. Whether they function in a common pathway and regulate a unique set of genes, which are not targets of the individual pathways remains to be determined. Furthermore, given the important contribution of these signaling pathways in metastasis, further studies will be required to determine how the overlapping populations function as a major driver in metastasis.
The key molecular features enriched for the metastatic tumors are mainly associated with the immune response signatures (Fig. 5b-f ). Interestingly, genes encoding various cytokines and receptors involved in effector-and regulatory T-cell functions were highly upregulated in the lung metastases (Fig. 5e, f and Supplementary Fig. 4 ), suggesting the existence of strong immune responses, both stimulatory and suppressive, in the metastatic context. Notably, a number of genes upregulated in the lung metastases were implicated in Treg function (i.e., Foxp3, Ido1, Tgfb1, CCR4, CCR5, CCR6, CCL22, CCL17, CCL5, and CXCL12) [62] [63] [64] [65] . Immunostaining analyses showed that the Foxp3 + Treg cells were primarily enriched in the lung metastases and physically associated with the metastatic tumors ( Fig. 6b-d and Supplementary Fig. 5a ), suggesting a functional crosstalk between these cells. In cancer, Treg cells have shown to promote tumor progression and metastasis by its suppressive role in innate and adaptive anti-tumor immunity [66, 67] . Although the precise role of Tregs in metastasis is still emerging, previous studies using spontaneous metastasis murine models of breast cancer suggest that tumor-infiltrating Tregs are associated with metastatic disease progression and are present in metastatic lesions [68] [69] [70] . Moreover, a high density of infiltrating Foxp3 + Tregs in breast tumors are associated with a high risk of relapse and death, especially in ER-positive and basal-like tumors [71] [72] [73] . In this respect, our findings that the enrichment of the overlapping Wnt-and STAT3-active cell populations as well as the preferential infiltration of the Foxp3 + Treg cells in the lung metastases indicate that the Wnt/STAT3-active cells may create immunosuppressive microenvironment through recruiting the Foxp3 + Treg cells to the metastatic sites. A more detailed description of the mechanistic basis by which the overlapping Wnt/ STAT3 signaling populations modulate the tumor microenvironment and escape from immune surveillance is clearly warranted.
An important caveat that needs to be considered that previous studies have demonstrated is that the eGFP fluorescent reporter can be immunogenic in some contexts [74, 75] . Accordingly, we examined if the fluorescent reporters-expressing cells may cause an immunologic response in vivo in our Balb/c model. To address the possibility, we performed the tail vein injections with tumor cells without fluorescent reporters (unlabeled) or with constitutive EF1α-driven GFP/dTomato reporters (EFS), monitored the lung metastases, and analyzed the tumorinfiltrating immune cells, such as total T cells (CD3 + cells) and Treg cells (Foxp3 + cells). Surprisingly, the EFS tumor cells exhibited a lower rate of metastatic colonization (metastatic frequency: 3/12) as compared to the the Wnt/ STAT3 tumor cells (metastatic frequency: 17/6, Fig. 2d ), indicating that the EFS tumor cells are less viable and may elicit more cytotoxic immune responses. These findings also suggest that the Wnt/STAT3 tumor cells are more metastatic and less immunogenic during metastasis, despite a strong expression of GFP-and mCherry. However, the EFS-or Wnt/STAT3-driven lung metastases showed a higher T-cell infiltration relative to the unlabeled cellsdriven lung metastases, indicating that the expression of fluorescent proteins may cause a T-cell-mediated immune response ( Supplementary Fig. 8 ). In contrast, the Foxp3 + Treg cells were preferentially enriched in the Wnt/STAT3driven lung metastases as compared to the unlabeled-and EFS cells-driven lung metastases, further suggesting that the recruitment of Treg cells is correlated with the presence of Wnt/STAT3-double-positive cells ( Supplementary Fig. 8 ).
As an independent experiment, the comparative analyses between the paired primary tumors and lung metastases derived from unlabeled tumor cells following resection revealed that the immune signature of the lung metastasis was still evident (data not shown). This immune signature also largely overlapped with the one we observed in the lung metastases where the Wnt-and STAT3 signaling pathways are enriched. Therefore, this observation suggests that the immune signatures identified are unlikely to be only associated with the expression of the fluorescence proteins.
In conclusion, this study demonstrates the existence of the cellular heterogeneity derived from Wnt-and/or STAT3 signaling pathways, as well as the change in population dynamics during tumor progression. A population enriched for both Wnt-and STAT3 signaling pathways was identified as a dominant and metastatic-competent population in the lung metastases. Furthermore, blocking both signaling pathways efficiently reduced the metastatic burden, supporting an idea that pharmacological inhibition of both pathways may be an important option for management of at least some subsets of basal-like metastatic breast cancer. Lastly, the enrichment of immune responserelated gene signatures as well as Foxp3 + Treg cells in the lung metastases illustrates the important functional and physical communication between tumor cells and the immune microenvironment.
Materials and methods

Animals studies
For p53-null mammary tumor model mice were maintained in accordance with the rules of the Guide for the Care and Use of Laboratory Animals of the NIH. Animal studies were performed according to guidelines of our institutional IACUC protocol (AN-504). Wild-type Balb/c female mice (3-4 weeks of age for tumor transplantation and 5-6 weeks for tail vein injection) were purchased from ENVIGO (Houston, TX, USA). The T1 and T2 tumors were previously generated and characterized as described [76] [77] [78] . Normal mammary gland and normal lung tissue were obtained from wild-type Balb/c and FVB female mice (6-12 weeks) . Animal procedures were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee (IACUC) at University of North Carolina.
Single-cell preparation of p53-null mammary tumors
p53-null mammary tumors were minced into small pieces using the VIBRATOME and digested with DMEM/F12 containing 1 mg/ml Collagenase A (Roche) for 2 h at 37°C. Single-cell preparation was performed as described [23] .
Lentiviral plasmids and lentiviral transduction
The lentiviral Wnt-mCherry reporter plasmid was purchased from Addgene (7TC #24315, Cambridge, MA, USA). The lentiviral STAT3-GFP and EFS-GFP were generated and validated as described [29] . The lentiviral EFS-dTomato reporter plasmid was generated by replacing the GFP (EFS-GFP) with the dTomato. For lentiviral transduction, single cells (100,000 cells/well) were plated into 24-well ultralow attachment plates in 0.5 ml of PMEC (Primary Mammary Epithelial Cell) media (DMEM/ F12 supplemented with 5% fetal bovine serum, 5 µg/ml insulin, 10 ng/ml mouse EGF, and AA) and infected with lentiviruses harboring Wnt-mCherry and STAT3-GFP (or EFS-GFP and EFS-dTomato) at MOIs of 30, respectively, for~16 h.
Fluorescence-activated cell sorting and analysis
Tumor cell preparation for FACS analysis was performed as described [79] . Cells were analyzed and sorted by BD Aria II sorter (BD Biosciences). FACS data analysis was performed using FlowJo (Tree Star, Ashland, OR, USA).
Immunostaining analysis
For immunohistochemical staining, paraffin-embedded and 10% neutral buffered formalin-fixed tumor tissues were processed according to Immunohistochemistry General Protocol in the Rosen laboratory resources (https://www. bcm.edu/research/labs/jeffrey-rosen/protocols). Tissue sections were stained with the antibodies against CD45 (1:100; 70-0451; TONBO biosciences, San Diego, CA, USA), Foxp3 (1:100; 14-5773; ThermoFisher Scientific), S100A8 (1:800; MAB3059, R&D Systems, Minneapolis, MN, USA), CD3 (1:400, A0452, Dako), CD8 (1:800, 14-0808-82, ThermoFisher Scientific), F4/80 (1:800, 70076, Cell Signaling). For co-immunofluorescence staining, tumor sections were processed according to Immunofluorescence General Protocol in the Rosen laboratory resources. Tissue sections were incubated with the antibodies against against K8 (1:250; TROMA-1; Developmental Studies Hybridoma Bank, Iowa City, IA, USA), K14 (1:400; PRB-155P; Covance, Princeton, NJ, USA), GFP (1:200; 632381, Clontech, Mountain View, CA, USA), RFP (1:400; 600-401-379; ROCKLAND, Limerick, PA, USA), and Foxp3(1:200, 14-5773-80, ThermoFisher Scientific). All tissue sections were subjected to Tris-EDTA antigen retrival for 20 min using microwave heating. Immunofluorescence images were taken by a OLYMPUS BX50 (SPOT Advanced software) or a Nikon A1-R confocal microscope (NIS Elements acquisition software) and analyzed using FIJI Software.
Quantification analysis of confocal fluorescence images
Image segmentation and analysis were performed using custom-made pipelines and scripts in Pipeline Pilot (BioVia) and MatLab (The Mathworks). For each tissue section, cell segmentation was performed by tessellation from the nuclear DAPI signal: nuclear positions were determined from the DAPI channel by grayscale image binarization followed by morphological closing and opening. The resulting objects were used as seeds to conduct tessellation in order to define approximate cell boundaries. Average pixel intensities in the GFP and RFP channels were then measured for each cell. By visual inspection of the images, a value threshold of 40 and 25 was set to call GFP-and RFP positive cells, respectively. Primary tumors (n = 5, 36 images) and lung metastases (n = 5, 49 images) were analyzed. The GFP-and RFP intensity distributions were visualized with scatter plots. Statistical differences of the means of GFP-and RFP intensities between primary and metastatic cells were determined by performing a one-way ANOVA test.
Metastasis and in vivo treatments
For resection experiments, an entire tumor cell population coinfected with the lentiviral Wnt-and STAT3 signaling reporters were engrafted in mammary fat pads of recipient mice. Primary tumors were surgically removed when they reached approximately 0.7-0.8 cm in diameter. Metastatic outgrowths were examined 2 months following resection and reported by the number of mice harboring the lung metastases. Two independent experiments (n = 29). For tail vein injection experiments, the distinct FACS-sorted subpopulations were injected into the lateral tail vein (2 × 10 4 cells for RNA preparation for sequencing and 5 × 10 4 cells for assessment of metastatic frequency. STAT3/Wnt-(n = 6), STAT3-(n = 4), Wnt-(n = 5), and negative cells (n = 5) were analyzed.
For pharmacological inhibition of Wnt and STAT3, FACS-sorted overlapping populations (50,000 cells) were introduced via tail vein injections. One month following the injections, the mice were randomized and treated with vehicles (n = 9) and C188-9/LGK974 (n = 9) for 2 weeks (5 days on and 2 days off). The vehicles (60% Labrasol/ 40% PEG400, 0.5% Methylcellulose/0.5% Tween 80) and C188-9 (50 mg/kg)/LGK974(6 mg/kg) were administered by oral gavage.
RNA preparation and RNA-sequencing analysis
RNA was purified from tissue chunks of three primary tumors, seven lung metastases, eight normal lung, and twelve normal mammary gland tissues ( Supplementary  Table 1 ) following the manufacturer's protocol (PicoPure RNA Isolation Kit, ThermoFisher Scientific). Gene expression profiles were generated by mRNA-sequencing using an Illumina HiSeq 2000/2500. Briefly, mRNA libraries were made from total RNA using the Illumina TruSeq mRNA sample preparation kit and sequenced on an Illumina HiSeq 2000/2500 using a 2 × 50 bp configuration with an average of 136 million read pairs per sample. Quality-control-passed reads were aligned to the mouse reference genome (GRCm38) using STAR [80, 81] . The alignment profile was determined by Picard Tools v1.64 (http://broadinstitute.github.io/picard/). Aligned reads were sorted and indexed using SAMtools and translated to transcriptome coordinates then filtered for indels, large inserts, and zero mapping quality using UBU v1.0 (https:// github.com/mozack/ubu). Transcript abundance estimates for each sample were performed using SALMON [82] . Raw SALMON read counts for all RNAseq samples were normalized to a fixed upper quartile.
Gene expression analysis
Differential expression analysis
Differential gene expression was assessed using two-sided t-test and fold change on log-transformed expression values. For Supervised Analysis, RNA-seq normalized gene counts from primary and metastatic tumors (resection model only) were log2 transformed and filtered selecting only those genes present in the 70% of samples. All samples were median centered. Same process was applied to normal mammary gland and normal lung samples in order to obtain a distinctive gene expression signature of normal lung tissue. To identify significantly overexpressed genes in metastatic compared with primary tumors or normal lung compared with normal mammary gland tissue we used twoclass Significance Analysis of Microarrays (SAM) [83] with an FDR of 0% using 'samr' package in R. Genes commonly overexpressed in normal lung tissue and metastatic tumor were removed from the analysis.
Gene expression signatures
We applied a collection of 593 gene expression signatures, representing multiple biological pathways and cell types, to all primary and metastatic tumors. These signatures were obtained from 453 publications partially summarized previously [49, 84] and 41 Gene set enrichment analysis (GSEA) signatures published in the Molecular Signature Database. First, we calculated the gene signature score of each module per tumor and performed Supervised Analysis [83] between metastatic and primary tumors (1) . Second, we calculated the gene signature score of each module and performed Supervised Analysis in two more comparisons:
(2) Normal lung compared with metastatic lung tissue and (3) normal mammary gland compared with metastatic tissue. The second comparison allowed us to identify the distinctive upregulated signatures of normal lung tissue and, the third one, the distinctive downregulated signatures of mammary gland tissue. Finally, the modules derived from comparison (2) and (3) were removed, respectively, from the first upregulated and downregulated significant list (1), in order to minimize the false-positive modules generated by normal lung or mammary gland tissue contamination. The significant modules between primary tumors and metastasis were correlated-centered and hierarchically clustered with Cluster 3.0 [85] and viewed with Java Treeview version 1.1.6r4 [86, 87] . Some gene signatures were box plotted according to primary and metastatic signature score.
Accession numbers and data sharing
All RNAseq data newly generated here have been deposited into the Gene Expression Omnibus (GEO) under the accession number GSE132031.
Statistical analysis
Unpaired two-tailed t-tests were performed in GraphPad Prism and/or RStudio version 1.1.383 (http://cran.r-project. org) for statistical analysis of two-group comparisons. Error bars represent standard error of mean ( ± s.e.m) and p < 0.05 was considered statistically significant. The unpaired t-test assumes that the two groups have the same variances. For statistical analyses of expression or the intensities of GFP and RFP between primary tumors and lung metastases or between vehicle-and C188-9/LGK974-treated groups, pvalues were determined by a one-way ANOVA test.
